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SUMMARY

As & result of a fundamental investigation of the meteorological
conditions conducive to the formation of ice on ailrcraft and a astudy
of the process of airfoll thermal ice prevention, previocusly derived
equations for calculating the rate of heat transfer from airfoils in
icing conditions were verified. Knowledge of the mamner in which
water is deposited on and evaporated from the surface of a heated
airfoil wes expanded sufficiently to allow reasonsbly accwrate calcu—
lations of airfoil heat requirements. The research consisted of
flight tests in natursl-icing conditions with two 8-foot-—chord heated
airfoils of different gsections. Measurements of the meteoroclogical
variables conduclve to ice formation were made simmltanseously with the
procurement of airfoll thermsl data.

It was concluded that the extent of knowledge on the meteorology
of icing, the lmpingement of water drops on airfoll surfaces, and the
processes of heat tranasfer and evaporation from a wetted airfoil
surface has been increased to a point where the design of heated wings
on & fundamental, wet-air basls now can be undertaken with reascnable
certalinty.

INTRCDUCTION

For e period of several years, the Natlonal Advisory Committes
for Aeronautics has conducted research on the prevention of ice
formation on sircraft through the use of heati: During this time,
resesrch of a fundemental nature on the problem of thermal ice
prevention was retarded by the more urgent need for development of
lce—prevention systems for specific airplanes in military servicexz
Satisfactory wing— and tall-surface thermsl, K ice—preventlon systems
for & Lockheed 12-A, Comsolidated B-24, Boeing B-17, and
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Curtiss-Wright C-U46 eirplenes (references 1, 2, 3, and Y4, respectively)
were designed, febricated, and tested in netvrsl-licing conditions.
Windshield thermal lce—prevention systems which proved adequate in
the icing conditions encountered were provided for the 12-A, B2k,
and C-46 airplanes. FEach wing— and tail-surface design was besed on
eatablishing, for flight in clear-air conditions, & surface—
tempersture rise above free—stream temperature which experience in
simlated— and neturel-lcing conditions hed shown to be edequate for
ice prevention. This empirical method, while proving satisfactory
for the alrplanes tested, was limited, since 1t was not esteblished
on & fundemental basis, and a more basic proceduwre founded on
designing for the conditions existing in icing clouds was needed.

The NACA et present is engaged in an investigation to provide a
fundamental understanding of the process of thermel ice prevention
in order (1) to establish a basis for the extrapolation of present
limited data on heat requirements to meteorologlicel and flight condi~
tions for which test data are not available, (2) to provide data for
improving the efficlency of thermal lce~prevention equipment, and
(3) to provide a wet-air, or metecrclogical, basis for the preparation
of design specifications for thermal jce—prevention equipment. The
research consists of an investigation of the meteorological factors
conducive to lcing, and a study of the heet—transfer processes which
govern the operation of thermel ice~prevention equipment for airfolls
end for windshield configwrations,

{"The airfoll heat—transfer phase of this investigation consisted
of the measurement of the factors affecting the transfer of heat
from airfoil swrfaces during flight in natural-icing conditions.
These data are correleted with the similtaneous measurements of the
meteorologicel paremeters which influence the heat—transfer process,
and are analyzed for the purpose of establishing a wet—elr lce—
prevention design basis for airfoils.

The first approach to the icing heat-transfer problem on a
fundementel basis was made in England by Hardy and Mann prior to
1942, In this study, a method for the calculation of heat transfer
from a heated surface subjected to icling conditlons was presented
and substantiated by measurements in an icing tunnel. Iater work by
Hardy in which these heat-transfer equations were modified for
goneral application is presented in references 5 and 6. Reference 5
contains information on the protection of all aircraft components
against ice accretion. Reference 6, prepared during a period of
active participation by Mr. Hardy in the NACA icing reseerch program,
rresents an analysis of the dissipation of heat in conditions of
icing from & section of the heated wing of the C-46 airplans
(reference 4).
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Cther research in the present NACA investigetion has been
reported in references T, 8, and 9. Reference 7 gives the first
measurements in this program of the liquid—water concentration in
clouds. References 8 and 9 deal with the meteorological espects of

icing conditions in stratus clouds and in precipitation aresas of the
warm-front type.

Research on the problem of heat transfer from alrfoils in condi-
tions of icing has also been conducted by other laboratories. In
reference 10, the transfer of heat from surfaces subJected to icing
conditions on Mount Weshington has been studied. The General Electric
Research Laboratory has conducted s number of investigations on this
phase of icing. A summary of this work and a list of reports is
presented in reference ll. A comprehensive report by the Army Air

Forces on the development and a.pplication of heated wings is contained
in reference 1l2.

In continuation of the present icing program, the C—U6 airplane
was equipped with special meteorological and electrically heated test
apparatus, and flown in natural—icing conditions during the winters
of 1945-%6 and 1946-U7, Flight tests were conducted mainly along
airline routes over most of the United States. The meteorclogicel
data recorded dimring the icing conditions encountered in the two
seasons are presented and dlscussed in references 13 and 1k,

(This report presents an analysis of the data obtained during the
194546 and 1946-4T winter seasons with two electrically hested air—
foll sections. The date were enalyzed using ‘the heat~transfer
equations developed by Hardy. (See references 5 and 6.) A considera—
tion of the area and rate of weter impingement on one of the azirfoll
sections based on an analyticel study of water—drop trajectories
(reference 15) is also presented. An attempt is made to further the
knowledge of the process .of airfoil thermal lce—prevention

The appreciation of the NACA is extended to United Alr ILines,
Inc., the Unlted States Weather Bureau, and to the Air Materiel
Command of the Army Air Forces for ald and cooperation in the research.
In particular, the services of Major James L. Murray of the Alr
Meteriel Command, Army Alr Forces, and Captain Carl M. Christemnson
and First Officer Lyle W. Reynolds of United Air Lines, who served as

pilots of the research airplane, were a valuable aid to the conduct of
the investigation.
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SYMBOLS
The following nomenclature is used throughout this report:
radius of water drop, feet
airfoil chord length, feet

specific heat of air at constant pressure, Btu per pound,
degree Fehrenheit :

specific heat of water at constant pressure, equal to 1 Btu
yer pound, degree Fehrenhelit

concentration factor, defined in equation (6), dimensionless -

saturation vapor pressure with respect to water, millimeters
of mercury .

water—drop collection efficiency, defined in equation (10)
acceleration of gravity, equal to 32,2 feet per second, second

convective surface heat—transfer coefficient, Btu per hour,
square foot, degree Fahrenheit

total surface heat—transfer coefficient, Btu per hour, square
foot, degree Fahrenheit

mechanical equivalent of heat, equal to 778 foot—pounds per
Btu

thermal conductivity, Btu per second, square foot, degreé
Fahrenheit per foot

dimensionleas drop—inertia quentity, defined in equation (5)

latent heat of vaporization of water at surface temperature,
Btu per pound

ligquid—water concentration of icing cloud, pounds of water
per cublc foot of air

weight rate of water—drop impingement per unit of swrface
area, pounds per hour, square foot

welght rate of water flow aft of area of water-—drop impinge— -
ment per foot of span for one side of airfoil, pounds per

hour, foot
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Mg

Re

Ry

Wa

o"s/cki

weight rate of water—drop lmpingement per foot of span for one
side of eirfoil, pounds per hour, foot

concentration of liquld water contained in drops of each size
in g8 drop—size dlgtribution, pounds of water per cubic foot
of air

barometric pressure, millimeters of mercury

Prandtl number (cpi/k), dimensionless

unit rate of heat flow, Btu per hour, square foot

Reynolds number for airfoil (Vey/u), dimensionless

free—stream Reynolds number of water drop relative to speed of
eirfoil (2Vay/u), dimensionless

distence measured chordwise along airfoil surface from stagna—
tion point, feet

temperature, degrees Fahrenheit
local wveloclity Just outside boundary layer, feet per second
free—strean veloclty, feet per second

welght rate of evaporation of water per unit of surface ares,
pounds per hour, square foot

welght rate of evaporation of water per foot of span for one
side of alrfoil, pounds per hour, foot

distance measured chordwise along alrfoil chord line from
zero—percent chord point, feet

evaporation factor, defined in equation (22), dimensionless
airfoil ordinate, feet

starting distance of water drop above projJected chord line of
alrfoil, feet o

pressure altitude, feet
ratio of saturated to dry adiabatic lapse rates

exponent of Prandtl mumber, 1/2 for laminar flow, 1/3 for
turbulent flow
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7 gpecific weight of air, pounds per cublc foot
o gspecific welght of water, equal to 62,% pounds per cubic foot
u viscosity of air, pounds per second, foot
Subscripts
1 refers to conditions at edge of boundary layer

kinetic
o refers to free—stream conditions
me mean effective
8 refers to conditions at airfoil surface
SL sea level

ANALYSIS

During flight in icing conditions a heated wing is cooled by
convectlive heat transfer, by evaporation of the water on ~he surface,
and, in the reglon of droplet interception, by the water striking
the wing.® The rate at which heat must be supplied in order to
maintain the wing surface at a specifiled temperature is, therefore, a
function of the rates of convection, evaporation, and water impingement.
Equations for expressing this heat requirement are presented in
references 5 and 6., These equations, with slight modification, ere
used throughout this report.

Expressed as an equation, the unit heat loss gq from a partislly
or ccupletely wetted surface exposed to lcing conditions mey be stated:

9 =qw + gc + Qe (1)
where
Qw heat loss due to warming the intercepted water
de heat loss due to forced convection
de heat loss due to eveporation of the lmpinging water

Bach of these individual heat flows willl be analyzed.

The heat loss dus to radistion is small and can be neglected.
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Hoat Loss Due to Warming the Intercepted Water

In the region where wabter droplets strike the wing, the heat
required per unit area to heat the water to swurface temperature is

Ay = ¥y [t’s - <to + Atkw> ] (2)

The term Atl, 1s the kinetlic temperature rise of the water caused

by stoppage of the droplets as they strike the wing. The value of
Otk 1s given by -

.A'bkw = (3)

2gdepy

where V 1g the free—stream velocity in feet per second. The value
of Abtx, is less than 2° Fahrenheit for airplane speeds up to 200
miles an hour and, for the celculations presented in this report, the
‘term has been neglected. Equation (2) thus becames:

aw = Ma (te=to) (&)

The woight rate of water impingement on the wing, the area of
impingement, end the distribution of the water over that area are
important factors in the heat—transfer anslysis. In addition to the
effect of the amount of water intercepted on the value of ¢, in
equation (L), the evaluation of Mg provides en indication of the
quantity of water which must be maintained in a liquid state until
it elther evaporates or runs off the tralling edge if the formation
of ice aft of the area of impingement, normally termed "rumback," is
to be avoided. The area of impingement influences the extent of
heated region to be provided at the leading edge, while knowledge of
the distribution of water impingement is required in the calculation

of the heating requirement in areas where water is striking.

Calculations have been made by Glauert (reference 16) for the
traJectories of water drops about cylinders end an airfoil. In this
work the assumption wae made that the drops obeyed Stokes! law of
resistance. At the speeds of flight, however, Stokes! law no longer
strictly holds, and Langmuir and Blodgett (referensze 17) computed a
serles of drop trajectories about cylinders, spheres, and ribbons,
taking into consideration deviations from Stokes'! law. These compu—
ta.tio‘ns were underteken on the assumption that the trajectories for
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cylinders would apply to eirfoils if the airfoil were replaced by an
"equivalent" cylinder (reference 12). o .

Preliminsry calculations based on references 16 and 17 indicatsd
that, for large values of drop size and airspeed, the assumption of
the equivalent cylinder would not hold for airfoils. Therefore, more
extensive calculations were undertaken to determine the drop trajec—
tories for one of the test airfolls of this research, an NACA 0012
airfoil at 0° angle of attack, In these calculations, presented in
detail in reference 15, a Joukowski airfoill (the contour of which
closely approximates that of the NACA 0012) was used to supply the
stream lines since the Joukowskl stream lines and velocity field can
be computed with velative sase. The basic equations presented in
reference 16 were used with modifications for deviation from Stokes!
law as glven in referesnce 17. The procedure followed was to start a
given distance forward of the airfoil and calculate the paths of the
drops using a step-by—step integration process. Results of these
computations are presented in figure l. The curves shown eatablish
the distance s, measured from the stagnatlion point, at which a given
drop will strike the sirfoll when starting a distance yo above
the proJected chord line. Curves are presented for various values

of K, vwhere
HAOl6 ©

It should be noted that the curves of figure 1 epply strictly only
for a drop Reynolds number Ry of 95.65, that is, only for partic—
wlar combinations of drop size, alrspeed, altitude, and air tempera—
ture. The value of 95.65 was chosen as being the Reynolds number
corresponding to averaege conditions of drop size, airspeed, sltitude,
and alr temperature experienced during the tests of this investiga—
tion. Howsver, the curves of fligure 1 can be used for a range of
Reynolds numbers on either side of 95.65 without serious error. Due
to practicel considerstions, these curves were used 1n the analysis
of the date presented in this report, even though the Reynolds
number dlffered somewhat for every case.

Area of water impingemsnt.— The end points of the curves shown
in figure I denote the extreme location at which drops of a partic-—
uler K value will strike the airfoil. Beyond this value of s/c no
drops of this K wvalue will hit, Thus, the broken line in figure 1
establishes the ares of impingement for all values of K.

Rate of water impingement.— The rate of water impingement at a

gpecified point on an airfoil is a function of the area of impingement,
the velocity of flight, the liquid—water concentration of the alr
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stream, and the distribution of the intercepted water over the surface.
This latter factor, called the concentration factor C is represented
by the ratio of y, to &, or:

c=32
For point wvalues,
Ayo
C=Zs
or more exactly,
- o
¢ ds (6)

The weight rate of water impingement per unit of swrface area in
pounds per howr, square foot, then, 1s

M, = 3600V mC (7)

It is apparent from equation (6) that C is simply the slope of
the curves shown in figure 1., A plot of the meesured slopes of these
curves as a function of s/c is presented in figure 2. Using values
of C obtained from figure 2, the weight rate of water impingement
at eny point on the surface can be calculated from equation (7).

In the case of a cloud, where the water drops are not of uniform
slze, but instead follow a pattern of size distribution, the rate of
impingement can be computed if the distribution is known or assumed,
The rate of water impingement at any point is the sum of all the rates
of impingement of the volume of water contained in eech drop size.
Equation (7) then beccmes

M, = 3600 vch (8)

where n 1is the concentration of ligquid water contained in drops of
a particular size and C 1s the concentration factor for the K
value corresponding to that drop size.

In order to esteblish the possibility of runback forming aft of
the heated area of a wing, it is necessery to know the totel quantity
of water intercepted per umit of wing span. This rate of impingement,
dencted as Mg in pounds per hour, foot span, 1s given by
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8
Mg = f M ds (9)
[o)

A more rapid method for the evaluation of My utilizes a cwrve of
collection efficiency E as & function of X (fig. 3). Collection
efficiency 1is defined as

E = 20Limit (10)
Jmax

where JYojimit 18 the value of yo for which drops of a particular
K wvalue Just miss the airfoil, and Fmay 1is the maximm ordinate of
the airfoil., The equation for computing Mg, then, is

Mg = 3600 EVit ymax (311)

Using figure 3, the rate of water impingement can be computed for
each of the drop sizes in the assumed or measured drop-size distri-

bution. The total rate of impingement is the summation of these
individual rates.

Heat I.oss Dus to Forced Convection

The unit heat flow from the surface of a body in an alr stream
resulting from convective heat transfer can be expressed:

g¢ = h (tg—boy) (12)

where +tg 1s the swrface temperature and tox I1s the kinetic temper—
ature of the free—stream air at the point for which the heat flow 1s
being computed. The factor h is the convective heat-trensfer
coefficlent and may be evalusted by measurements in clear air or by
calculation using the methods presented in references 18 and 19,
Evaluetion of the term tg, will now be discussed.

The surface of an unheated wlng moving through the alr will
assume a temperature somewhat higher than that of the free air streanm
because of stoppage of the ailr particles in the boundary layer next
to the surface. This temperature rise is of importance in the calcu~—
lation of heat requirements for lce prevention in that it establishes
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tHe datum point from vwhich the temperature of the surface mst be
raised to obtain the deslired temperature, tg. The value of the
temperature rise in clear air, from equations derived in reference 5,
is, for laminer flow,

Atk=2$cp [1-%<1-—Pr1’>] (13)

and for turbuwlent flow,

Atk = 2§j'cp l:l —g:: <l - Pré>] - (1%)

where U 1g the local velocity Just outside the boundaxry layer at the
point along the surface where the value of Al is being calculated.

In clouds, the kinetic temperature rise is reduced, due to

evaporation of weter from the surface. Assuming the surface 1s

completely wetted with water, the value of the temperature rise for
laminar flow becomes

My = T2 [1_%1(1-#)]-0.622%: 2@-"?‘) '(15)

281]' cp

where
P .
ey = €0 - (16)

and egx 1s the vapor pressure at saturation at the wet kinetic tem~
perature, <tore The value of toy is
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Equation (17) is for laminar flow. The equation for turbulent flow
is the same, but with the exponment of Pr changed %o 1/3. It can be
seen that this equation mmst be solved by trial, since the value of
6o 1is dependent upon the temperature toge

Experiments in clouds, in the process of calibrating a free-eir
thermameter installation (reference 13), showed thet by multiplying
the clear—eir kinetic—temperature rise by the ratio of the saturated
to the dry adlabatic lspse rates, good egreement between the values
of kinetic temperature rise calculated in this mammer and the measured
values was obtained. Since use of the ratio of the adlabatic lapse
rates was substantiated experimentally, and since equation (17) must
be solved by trial, s somewhat laborious procedure, the following
equations were used in this report to calculate values of tox:

For laminar flow,

vz U2 5 ag
t°k=t°*§_§']’_cs [l—ﬂ-<l-—hz>]aa' (18)
and for twrbulent flow,
' 1
- d2 - - PrS s
boy = %o + ZL— [1 lvé (1 Pr )]Ha' (19)

Values of as/aq, the ratio of the wet— to the dry-ediabatic lapse
rates, are cbtained from figure 4, The use of the lapse-rate ratio
in equations (18) and (19) is semi-empiricel. The limitations of
this simplification in the calculation of kinetic—temperature rise of
airfoil surfaces in clouds are not known. Below speeds of 200 miles
rer hour, however, these wquations cen be used with small error, since
the kinetic—temperature rise is low.

Heat Loss Due to Evaporation of the Water on the Surface

The amount of heat removed from a wetted surface.e.s a result of
the evaporation of water on that surface cen be expressed:

Qe = Lg Wy (20)
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From reference 6 the relation between q and the convective
heat—transfer coefficient h can be expressed for a campletely
wotted surface as:

Go =k (X =1) (tg=te) . (21)

where
Lg (5790 0,622
X=l+°p tsi"Ok) Py (22)

By substituting average values for Lg and cp, equation (22) can
be rewritten

X =1+ 3.75 <§{:{%§> %,ﬂ: (23)

The values chosen for Lg and cp &are 1100 Btu per pound and 0.2k
Btu per pound, ~Fshrenheit, respectively. The factor Psr/Py is the
ratio of the standard sea—~level pressure to the locael static pressure.

It should be noted that the evaporation factor X applies only
wheon the surface ls completely wetted. If only pertial wetneass
proveils, the value of X must be modified according to the degree
of wetnesse.

Total Heat Loss from a Wetted Surface

Summarizing the heat losses due to water impingement, convection,
and evaporation, equation (1) can be written:

q = Mg (tsto) + h (te=toy) + b (X — 1) (tg~tox)

which reduces to

g = Mg (te=to) + h X (te~toy) (2k)
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Aft of the region of water impingement, M, = 0 and equation (24)
becomes

qQ =h X (tg—toy) (25)

IESCRIPTION OF EQUIPMENT

A1l tests reported herein were made in the C—46 airplane shown
in figure 5. Theo airplane had been modified to provide thermal ice—
prevention equipment for wings, empennage, windshield, and propellers.
A description of the thermal system for the winges and empennage 1s
given in reference 20, The windshield system was altered for the
flights as described in reference 21. Protection for the propellers
wae provided by electrically heated blade shoes,

The meteorological equipment used during the tests to measure
the free-elr temperature, liguid-smter concentration, drop size and
drop-size distribution is described in references 13 and 1k,

Two electrically heated test alrfolls wore used to obtain
fundamental data on the process of wing thermsl ice prevention. Each
airfoil was mounted vertically on top of the fuselage of the C-U6
airplaene, as shown in figure 5. The test airfoil installed dwring
the winter of 1945-U46 had en NACA 0012 section. For the tests in the
winter of 1946-4T the airfoil had an NACA 65,2-016 section in order
to provide test data for low-drag sections, as well as conventionsal
sections., Both sections are symmetrical, and the models were
installed with the chord line in the plane of symmetry of the air—
plens; that is, at zero angle of attack for unyawed flight., Ordinates
for an NACA 0012 airfoll are glven in reference 22, end for an
NACA 65,2-016 airfoil, in reference 23, Figure 6(a) shows the
NACA 0012 airfoil mounted on the fuselage. the NACA 65,2-016
airfoil was mounted as shown in Pigure 6(b). A clear plastic
blister, shown in figures 6(a) and 6(b), allowed the airfolls to
be viewed and photographed in flight,

Both airfoils had an 8-foot chord and a h.7-foot span, with a
faired square tip. A heoated test section of 1-foot span was located
2 feet above the top of the fuselage. It hed been determined
previously, by means of a pressure survey, that the test—section
location was well ebove the edge of the fuselage boundary layer.
Electrically heated guard sections wers bullt arcund the leading—
edge region on both sides of the test section for the purpose of
preveunting any disturbance of the sir flowing over the test section
which might have been caused by lce accretions in the region of the
guard sectlons.
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NACA 65,2016 Airfoil Model

Construction details of the 65,2016 airfoil model are shown in
figure 7. The metel portion of the structure consisted of aluminum
ribs and skin supported from the fuselage by two spars. The test
section was made up of a 3/8-inch~thick plastic base and a sheet of
plastic—impregnated fabric, 1/6i—inch—thick, on top of which 1/2-inch
wide, 0.002-inch~thick, electrical resistance heating strips were
cemented in a spanwise direction spaced 1/32 inch apart. A covering
of the 1/6h—inch-thick plastic—impregnated sheet was laid over the
resistance strips, and on top of this was cemented a2 skin of
0.006—inch~thick aluminum. Fach 1/2-inch-wide heating strip was
ccnnected to individual lugs located along the edges of the test
section. This provided means for chordwise adjustment of the power
distribution by 1/2-inch increments. The heated area of the test
section extended back to T7 percent chord on the left side and to
17 percent chord on the right side.

The guard sections were constructed in the same menner as the
test sectlon, with the exception that the sluminum skln was 0.011
inch thick. The heated area of the gusrd sections extended to 17
percent chord on both sides of the model.

Measurements of the temperature of the aluminum surface of the
test sectlon were obtalned by means of thermocouples. Fine iron-—
constantan thermocouple wire was rolled flat to produce a strip
approximately 0.002 inch thick and 1/16 inch wide. These strip
thermocouples were lald in spanwise grooves about 3 inches long cut in
the aluminum skin. The thermocouple Junctlons were located in the
middle of the grooves, and the leads passed through holes at the ends
of the grooves into the interior of the model. Aluminum was sprayed
into the groove over the strip thermocouple for a dilstance of about
3/16 inch on either side of the Junction. Thus, the thermocouple
Junction was bonded to the alumlnum skin, allowing accurate surface—
temperature measursments to be made., The remainder of the groove on
elther side of the aluminum spray wees filled with a nomelectrically
conducting meterial. Thermocouples were located at the center of
the test sectiom at l-inch chordwise intervals in the leading-edge
and calculated transition regions, and at 1-1/2-inch chordwise
intervals in other regions. Surface temperatures were recorded dby
moans of gelf-balancing sutomatic—recording potentiocmeters.

The flow of heat through the outer surface was calculated from
measurenents of the power dissipated in the electrical heating
strips. This power was determined by measuring the resistance of
the strips and the current flowing through them. Thexmocouples
placed on both surfaces of the plastic base at a number of chordwise
stations gave an indication of the heat flow into the model interior.
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These thermocouples were connected to the same recording potenti-
omoters used to record swrface temperatures.

Pressure taps were installed flush in the test-smectlion surface
about 3 inches down from the top edge of the test section at wvarious
chordwise points for the purpose of measuring swrface pressurs 4is-—
tribution. A stendard NACA 60-cell pressure recorder was used to
record the pressures,

A source of 400-cycle, single-phage, alternating current was
supplied to the test and guard sections for heating these swxrfaces,
The heating strips for the test section were grouped into 30 chord-
wise blocks. Control of the current flowlng through each block was
provided, so that a large variation in the chordwise distribution of
heat flow was possible during flight., Before the icing operations
started the heating strips for the guard sectlons were comnected to
maintain . a constant surface—temperature rise during flight in clear
alr, Controls were provided so that the total heat input to the guard
sections, but not the chordwise distribution, could be varied during
flight.

NACA 0012 Airfoil Model

With a few exceptions, the construction of the 0012 sirfoil
model was substantially the same as that of the 65,2-01l6 model., These
excoptions will be noted.

The top layer of plastic—impregnated fabric covering the electri-
cal resistance strips constituted the outer skin of the test and guard
seotlions., This was painted and sanded, after the test-section thermo—
couples had been installed. The heated area of the test section
extended back to 58 percent chord on the left side and to 11 percent
chord on the right side. The heated area of the guerd sections
oextended to 11 percent chord on both sides of the airfoil.

Strip thermocouples of the same type as installed in the 65,2-016
model were used to measure surface temperatures of the test section.
Spanwise grooves were cut in the plastic—impregneted fabric sheet at
verious intervals along the chord. The strip thermocouples were laid
in the grooves and cemented in place. The surfece wes then painted
and sanded so that only a thin layer of paint covered the thermo-
couple junctions. Thermocouples were located at the center of the test
section at l-inch chordwise intervals in the leading—edge and calcule—
ted trensition regions, and at 2—- to 2-1/2~inch chordwise intervals in
other regions. Surface temperatures were recorded by means of an
automatic-recording potentiometer.

The flow of heat through ths surfece of the test section was cal-
culated from measurements of the power dlssipated in the electrical



NACA TN No. 1472 17

heating strips, in a manner similar to that described for the 65,2-016
airfoil,

Installation of surface pressure taps for the measurement of
pressure distribution was the same se for the 65,2—016 model. The

pressures were recorded by photographing a multiple—tube menometer
%o which the pressure taps were connected,

A source of 400-cycle, single-phase, alternating current was
supplied to the test and guard sections for heasting these surfaces.
In the teat section, provisions were made for obtaining a limited
number of chordwise heating distributions as well as for control of
the total heat input with each distribution. A small degree of varis-
tion of each heat distribution was also provided. During flight 1t
was possible to control only the total heat input, and to vary, to e
small extent, each distribution. As with the 65,2-016 aixfoil, the
heeting strips for the guard sections were connected to give an
approximately constant surface—~temperature rise in clear air. RNo
control of the heat distribution or the total power input to the gusrd
sections was provided.

TEST PROCEDURE

The test alrplene was flown into natural-—icing comditions over
most of the northwestern area of the United States during the winter
of 1945-46, During the winter of 19L6-UT the ares of operations was
extended to include a few flights in the central and eastern part of
the United States. The usual test procedure, during flight in lcing
conditions, was to record airfoll data simultsneously with the
measurement of the meteorological conditions. The rotating cylinders,
described in reference 13, which constituted the means of measuring
liquid-water concentration, drop size, and drop-size distribution,
were extended as often as was conveniently possible. Records of
free—air temperature, airspeed, and altitude weré taken several times
a.minute. The recording potenticmeter used to obtaln airfoll tempera—
tures was operated continuously. During this time, the values of
current flow through the electrical heating strips of the airfoil
were recorded. Photographsg of the test-sectlon surface and records
of pressure distribution were taken at frequent intervals.

RESULTS

A tebulation of the flight and meteorological conditions for
which simulteneous airfoll data were cobtained is presented in tables I
and II. Table I conbtains the flight and icing conditions for which
corresponding heat-transfer measurements were made with the NACA 0012
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airfoil. Table II gives similar information for the NACA 65,2-016
airfoil. All measurements were made during flight in naturel—icing
conditiona. During most of the flights, large variestions in liquid—
water concentration, and occasionally drop size, were experienced.
The rotating cylinders, used to measure ligquld-water content and drop
slze, were. extended for about 1 to 2 minutes, thus glving average
values for l— to 2-minute intervals., A complete cycle of the
recording potentiometers used to record sirfolil temperatures required
k to 6 minutes, duwring which time the meteorologicel comditions may
have changed considerably. For these reasons, an effort was made to
select, for analysis end dlscussion herein, only the alrfoll date
recorded during flight in relatively uniform clouds and/or where
cloge correlation existed between the cylinder measurements and the
alrfoll-temperature records., Of these data, only a part, chosen as
being typicel, are presented in this report. These are the thermal
data for which the flight and icing conditione are given in tables I
and IIX.

NACA 0012 Airfoil Data

Figures 8(a) to 8(g), inclusive, present the measurements of
surface temperature, surface heat flow, and resulting heat—trensfer
coefficlents cbtained with the 0012 airfoil model during flight in
the conditions presented in table XI. The heat—flow distribution
1llustrated in these figures had been found by experiment to give
an spproximately uniform temperature rise over the test—section
surface during flight in clear air. Veriations in the intensity of
the digtribution for the different conditions of table I occurred
a8 a result of the heat supply procedure followed during the tests.
In general, during an lcing test the total heat input was reduced
until the swrface temperature was obgerved to fall close to freezing
temperature at some point on the test section. Typicel values of
surfaece temperature, heat flow, and convectlve heat-tranefer coef—-
ficient obtained during flight in clear air are shown in figure 8(h).

The date presented in all figures except figure 8(g) were taken
with the entire test section heated. Figure 8(g) presents data
secured with only the leading-edge region heated, from 1) percent
chord on the right side to 8 percent chord on the left side. At the
time of this test, insufficient heat was supplled to the leadling-—
edge area to evaporate all the water striking the surface, and
streamors of ice formed aft of the heated region, similsr to those
shown in figure 9.

The heat—flow values given in figures 8(a) to 8(h), inclusive,
wore calculated from measurements of the total power dissipated in
the electrical resistance strips and the intermal heat loss. The
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measurements of surface temperature, which were obtained with the
thermocouple installation previously described, were corrected for
errors lncwrred by the presence of a layer of paint covering the
Junction. Magnitude of these errors was determined from knowledge

of the thickness end thermel conductiviiy of the paint and the amount
of heat flowing through it.

The kinetic temperature of the free—stream air top wused in
computing the heat—trensfer coefficients, was calculated for the 0012

airfoil from equations (18) and (19), using experimentally determined
values of the expression

1 -g; (1-Pr8)

where B 1s 1/2 for laminar flow end 1/3 for tuwrbulent flow. Values
of this expression for verious points along the airfoll surface, were
obtained from figure 10, which presents data obtained during flight
in clear slr,

A typicael record of pressure distribution over the 0012 airfoil
model test-section surface is shown in figure 11,

NACA 65,2-016 Airfoil Data

Figures 12(a) to 12(J), inclusive, present the measurements of
surface temperature, surface heat flow, and resulting coefficlents
of heat transfer obtained with the 65,2-016 airfoil model Auring
flight in the conditions presented in table II., The distribution
of heat flow shown in these figures had been experimentelly estab-—
lished to provide an spproximately uniform temperature rise above
free—elr temperature over the test—~section surface during filight in
clear air at an eltitude of 11,000 feet and a true airspeed of 175
miles per hour. This heat—flow profile was used throughout all the
flight tests. Slight variations in heating intensity are due to
variations in internal heat f£low and chordwise heat conduction in
the thin aluminim skin. Typlcal values of surface temperature,
heat flow, and convective heat-transfer coefficient for flight in
cleer air are given in figure 12(Xk).

The results shown in all figures (except figs. 12(h) to 12(J3),
inclusive) were obtained with the test section heated to spproximately
55 percent chord. Heating aft of this point was precluded by a
malfunctioning of the heating equipment in this area, Figures 12(h)
to 12(3), inclusive, present data secured with only the leading-edge
region heated, from 17 percent chord on the right side to 17 percent
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chord on the left side. During the time when the measurements of
figures 12(i) and 12(J) were taken, an insufficient quentity of heat
wes being supplied to the leading-edge region to evaporate all the
water striking the surface, and ice accumulated aft of the heated
area. This is shown in figure 13.

The heat—flow values given in figures 12(a) to 12(k), inclusive,
were calculated from measgurements of the total power dissipated in
the electrical resistance strips, in & similar menner to that used
for establishing the heat flow for the NACA 0012 airfoil. In
eddition to the determination of the internal heat loss in computing
the surface heat flow for the NACA 65,2-016 airfoil, the flow of
heet chordwlse in the thin aluminum surface was considered. The
chordwise heat conductlon is a function of the chordwise variation
in surface temperature. It was assumed that the quantity of heat
flowing from point to point along the surface, as indicated by the
difference in surface temperature between the two points, originated
from the heating strip under the higher temperature and flowed away
from the surface into the air stream in the aree of swrface over the
heating strip at the lower temperature. This method, although
inexact, offered a rapld means of estimsting the effect of chordwise
conduction. A more exact determination of this effect can be
obtained using the "relaxation" method of reference 10, No correc—
tions were applied to the swrface~temperature measurements, slnce
1t was sssumed that the surface thermocouple Junctions were at
surface temperature.

The kinetic temperature of the free—stream air tg, was
calculated using g vetions (18) and (19). Values of the expression
1~ (BA2) (1~Pr ? were calculated end are plotted in figure 1lh.

A picture of the conditions of wetness which existed on the
airfoil dwring flight in clouds can be seen iIn figwre 15, This
flgure showe some typical records obtalned with strips of blueprint
paper which had been fastened to a device that could be extended
into the alr stream up the leading edge of the alrfoil model to a
polnt Just below the test section. Since, in effect, these were
wrapped around the leading edge of the model, they illustrate the
pattern that the weter assumes in striking the alrfoll and flowlng
aft. The records were obtained during icing conditionms 11, 13, and
14, table II.

A typicel messurement of pressure distribution over the 65,2-016
airfoil model test-section surface is shown in figure 16.
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DISCUSSION

The ultimete in performance of a wing thermel lce—preventica
system is ome which will prevent the accretion of ice on any portion
of the wing. This 1deal operation requires that any water on the
wing surface must be maintained in a liquid state until it evaporates,
or blows off the wing at the tralling edge. In many wing designs,
‘heating of the entire surface 1is not practicable because of such
features as integral fuel tarks, and in these instances any water
flowlng aft of the heated region is apt to freeze and form the type
of ice accretion normelly termed runback. In the followlng dis-
cugsion the ice—prevention action of a2 heated wing wlll be examined
in detall, and the reliability of the equations and assumptions
presented in the analysis section for the predlction of surface
temperature and rate of water eveporation from the sur.ace will be
established. If these equations and analytical methods can be shown
to define correctly the process of thermal ice prevention, the funda—
mental design procedure for a heated wing initielly concelived 1in
reference 6 will be more firmly esteblished. The empirical design
method of providing a specified temperature rise in clear air can
then be replaced by the more fundamental and flexible concept of
supplying sufficient heat to meintain the surface temperature above
freezing until the water is either evaporated or carried away.

An analysis of the action of e heated wing requires the consld—
eration of three factors: nemely (1) the meteorological end flight
conditions for which the wing must provide protection; (2) the area
of water impingement, and the rate and distribution of impingement
over that aree; and (3) the rate at which the water is evaporated
from the wing surface. T

Meteorological and Flight Conditions

The specification of a meteorological condition for the design
of thermal ice—prevention equipment depends upon the geogrephical
areas over which the airplane will fly, the seasons of operation, and
other factors dictated by the intended service of the aircraft.
Obviously, the esteblishment of design conditions for a specific area
requires a knowledge of the conditions prevailing over the area. If,
on the other hand, the ice-prevention system 1s to provide protection
for all-weather operation, general specifications of a meteorological "
condition must be established which will encompass all conditlions
likely to be encountered.

The most recent and extensive information in regard to the
severity of icing conditions likely to be experienced in all-weather
operation in the United States is contained in references 13 and 1k,
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In reference 13, estimates of the meximm continuous icing condi-
tions as well as the meximum probeble icing conditions apt to be
encountered are presented. Since the duration of the maximum
rrobable lcing condition is quite short (1 to 2 minutes), and icing
of this severity is entirely associated with cumlus clouds which
should be avoided in all operations, the meximum continuous icing
condition is believed to be of greater interest for design yurposes.
Two conditions of maximm continuous icing are presented based on a
relationship of drop size and liquid-water content. These conditions
are given in the following teble:

Liquid-water | 2Moan—effoctive | Free-air
concentration | drop dlameter | temperature
(en/m®) (microms) (°F)
0.8 15 20
0.5 25 20

It is believed that the conditions in the above table form a good
basis for the design of thermal ice—prevention equipment for all~
weather operation. In addition to these values, however, the proposed
wing thermal system should be analyzed for possible undesirable oper—
ation in other icing conditions. For example, reference 13 points out
that drops of 35 to 50 microns diameter should not be regarded as
exceptional. Although the amount of liquid water associated with such
large drops is usually low (about 0.l gram per cubic meter) the fact
remains that the area of water impingement would be very large and
would probably exceed the limits of the heated region if this region
had been based only on a consideration of the date in the maximum
continuous table. Finally, the possibility of encountering icing con-
ditions at low temperatures may be a critical condition for heated
wings on some airplenes. For instance, the estimated conditions

of maximm continuous icing presented in reference 13 and given

in the preceding table were extended in reference 1l to air tempera—
tures as low as ~20° F for the case of 15-micron drops. The con—
ditions of maximmm continuous icing suggested are 0.5 gram per cubic
meter at 0° F and 0.25 gram per cublc meter at —20° F, both with

2The moen-effective diameter as defined in reference 13 is the size of
drop in & cloud sample for which the amount of liquid water existing
in water drops larger than that drop i1s equal to the amount of liquia
water existing in drops smaller than the drop.
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a mean-offective drop dtameter of 15 microns. Either of these condi-
tions may be more deleterious to the functioning of the wing thermal
system than those in the table. :

From the foregoing discussion, it is evident that the analysis
of a heated wing should give consideration to several possibly criti-
cal icing conditions in the seme menmer that several flight condi-
tions are agsumed for the wing structural analysis, The data of
references 13 and 14, although somewhat limited in scope, are consid—
ered to be sufficiently indicebtive of icing conditions in the United
States to form a meteorological basis for heated-wing design.

The problem of selecting a flight condition for the design of
ice—prevention equipment is concermed with the airspeed and altitude
&t which the airplans will fly. The airspeed will depend upon the
specific alrplane, and, in general, & cruise condition should be
selected. Choosing an altitude for design is dependent upon several
factors, whi¢h will be dlscussed later.

Area, Rate, and Distribution of Water Impingement

Having defined the icling conditions for which the heated wing is
to be designed, the next step is to determine the reglon of the
leading edge in which the water drops will strike the wirng, the rate
of water impact at any specified point In that region, and the total
rate of impingemont per foot of wing span. This subJect was dis—
cussed at same length for the generel case in the analysis section.
In that discussion, it was shown that the method of reference 15 could
‘be used to prepare (for any wing section for which the stream lines
were known or could be determined) curves similar to those presented
in figures 1, 2, and 3. The broken line of figuwre 1 glves an indice-
tion of the area of water impingement, while the rate of impingement
at a specified point can be obtained from figure 2 and equation (7).

Two methods are available for the determination of the total
rate of impingement per foot of wing span. The caloulatlion of this
quantity is of primery importance, as 1t determines the amount of
heat required to disperse the water by evaporation., The first method
utilizes the concept of collection efficlency .E as mentiomed in
the analysis section. This method is preferable when only the velue
of the total rate of impingement is desired, since preparatiomn of
the curves of figure 2 1s not required. For & thorough analysis of
the heat trensfer from the surface, however, knowledge of the rate
of impingement at a point Mg 18 required. By employlng equation (7
and figure 2 a curve of the distribution of water impingement
(Mg against s/c) cac be plotted. Figure 17 shows such & curve for

the RACA 0012 airfoil, using equation (8) and an "E" type drop-size
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distribution. (See reference 1T.) A curve of this type presents an
interesting plcture of the distribution of water impingement and, in
addition, the area under the curve denotes the total rate of water
intexrception.

Although the method of reference 15 is considered to provide a
complete and quite accurate prediction of the distribution of water
impingement on the leading edge of en airfoll, it dces have the dls—
edvantages of requiring (1) a knowledge of the wvelocity components
along a number of the airfoil stream lines, and (2) considerable
computation. The difficulties associated with the computation of
the water—drop trajectories for airfoils have encouraged the substi-
tution of a cylinder with radius equal to the airfoil leading-edge
radius in the determination of water impingement. (See references 5
and 6,) The curves of reference 17, which have been calculated for
& large range of drop sizes, alrspeeds, sltitudes, and cylinder
diemeters, are then usged dAirectly to evaluate the anticipated water
impingement on the airfoil. This substitution procedure 1s a& useful
device but should be employed with a full knowledge of its limita—
tions. Ons of these limitations is the fact that the cwrves of
reference 17 provide the area and total rate of water Implngement,
but give no direct indication of the distribution of impingement.

A second restriction of the cylinder—substltution method is
concerned with the contomr and size of the forward portion of the
airfolil. To cobtain an indication of this effect, the rate and area of
wvater impingement on the 0012 airfoil, st 0° angle of atteck, and on
the leading-edge cylinder of that airfoll are compared for the same
flight conditions and various drop sizes in figure 18, The valuea for
the 0012 section were obtalned from figures 1 and 2, and those for the
¢ylinder from reference 1T7. At drop dlameters up to about 25 microns the
rates of impingement on the airfoil and on the leading-edge cylinder
are epproximately the same, although above 25 microns as the drop size
increases, the rate of impingement becomes considerably greater om
the airfoil than on the cylinder. At drop diameters up to about 18
microns the area of impingement on the cylinder is roughly equal to
that on the airfoil. However, at a drop dismeter of 25 microns, which
is not unusual (reference 135 , and was presented previously in this
report as a possible maximm contimious condition, the area of impinge—
ment on the airfolil is nearly 50 percent greater than on the cylinder.
It should be noted that the value of 25 microns for the maximm contin-—
uous condition is the mean—effective dlemeter, and that drops of a
lerger size probably wlll be present due to the existence of a distri-
bution of sizes. Although these vaelues provide an indication of the
scale limitation of the cylinder-substitution method, the fact should
be noted that figure 18 applies to only one airfoil section, with
an 8-foot chord, and at one flight condition. The leading—edge radius
of the NACA 0012 section for an 8-foot chord is smell (1.5 in.)
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and the leading-edge cylinder does not match the sectlon contowr for
eny great extent above the chord lins., This is shown graphically in
figwre 19 which presents a comperison of the forwaerd portions of

three airfoll sections and the leading-edge cylinder of the 0012
section. In the case of airfoil sections with ths leading-edge radius
a greater percent of the chord than the 0012 section, and also for
airfoils of 0012 section, or similar, with chords greater than 8 feet,
the cylinder—substitution method will present a better approximation
‘than that indicated by figure 18 for the same speed range.

For alrfoll sections with a leading-edge radius which represents
a small percentage of the chord, the substitution of an "equivalent"
cylinder (reference 12) with a radius larger than the leading-edge
radius would probebly provide a better indication of the rate and
area of water impingement on the airfoil than would be obtained for
the leading-edge cylinder. At the present time there is not suffic—
lent information on water-drép trajectories about airfoils to provide
a basis for selecting the proper cylinder in each instance; therefore,
the designer must utilize the more complicated, but more accurate,
method of reference 15 ¢r assume some cylindsr dismeter based on his
experience. The possibility that the rate end area of Impingement on
an ellipse would more closely approximate the rate and area of
impingement on 2 geries of similar airfolls has been suggested and
is worthy of future considerationm,

The ability to select a proper drop size for the design of wing
ice—prevention equirment is a factor of considerable importance to
the designer, as can be illustrated by figure 20, In thls figure the
rate and area of impingement are presented for the 0012 airfoil as
a function of drop size. The rate of impingement for each drop size
was calculated for a liquid-water content of 1.0 gram per cublic meter,
Consider, then, a change in design drop diameter from 10 microms to
20 microns. The resultant inorease in rate of water impingement is
1.75 pounds per howr per foot of span or an increase of 175 percent,
although the actual amount of water present per umit volume of cloud
hag not been changed at all, The same increase in drop size will
cause an incresse in erea of impingement from 1.5 to k percent s/c.

. In contrast, consider the effect on the rate of water impinge—
ment produced by an increase in the quantity of liquid water present,
assuming the drop size to remain constant. The area of impingement
will remein unchanged, while the rate of impingement will increase
only in direct proportion to the increasse In water concentration.
This exsmple clearly illustrates the fact that the amount of free
water present in an icing cloud is only ome factor influencing the
quantity of water which will actually strike the wing in & specified
time interval, and that the size of the cloud drops is a factor of

at least equal importance.
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The problem of distribution of the sizes of drops in an icing
cloud also bears careful consideration. For example, if an "E" type
drop-size dlstributlion exists with a meen-effective drop diameter of
25 microns, the largest drops will be 68 microns in diameter. Hence,
the area of impingement will be considerably greater than if a
uniform drop size of 25 microns prevailed. The data of reference 1k
indicate that, in general, the distributions of drop size in icing
clouds are falrly nerrow, and do not usually follow the broad distri-—
butions, such as type "E." Nevertheless, the distribution must be
considered, since the largest drops in the cloud determine the area
of impingement and the minimum extent of heated area required for
ice prevention,

Rate of Evaporation of Water

Having discussed the problem of area and rate of water intercep—
tion, the next step is to establish the rate st which the intercepted
water 1s evaporated from the wing swrface and the validity of the
equations presented previously for determining the rate of heat
dissipation during the process of evaporation. The problem of rate
of evapcration is perticularly important because all of the water
intercepted by a wing heated only in the region of the leading edge
must be dispersed by evaporation if the formation of runback is to
be avoided.

From a superficlal study of the mechanism by which water is
deposited on the surface of a wing, it would be expected that in the
aree of water impingement the surface is completely wetted, and that
equation (24) for calculating the heat loss from a heated wing is
valid. Aft of the area of impingement, it would be anticipated
that the surface may not be fully wetted, since water does not reach
this region directly, but instead must flow back from the area of
impingement. If the surface aft of the area of impingement is only
partially wetted, the expression for X (equation (23)) must be
modified for use in equation (25) to calculate heet requirements.

Observations, made during the airfoil tests, of the water
pattern on the leading edge of the airfoils revealed that the above
supposlitions are correct. At a very short distance back of the
reglon of impingement, the film of water was observed to reach a
state of instability and break into small rivulets., A picture of
the conditions of wetnmess which actually exist on a wing during
flight in clouds can be seen in figure 15. This figure, which shows
typical records obtalned with the strips of dlueprint paper placed
around the leading edge of the 65,2-016 airfoil model during flight
in icing conditions, illustrates the pattern formed by the water in
striking the eirfoll leading edge and flowing aft. It is evident
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from the patterns that the area of impingement, which is clearly
defined, is completely wetted, while back of this area the water
collecte and forms rivulets, creating a partially wetted surface. A
study of the patterns indicated a varietion in the fraction of swrfece
area wetted (aft of the impingement area) with rate of impingement of
weter. Accordingly, the rates of water impingement Mg were celcu—
lated using equation (11) for the conditions existing at the time
that rivulet patterns were obtained (icing conditions 11 through 15,
table II). The curves and velues presented previously for the 0012
airfoll were used in the calculations of Mg Ffor the 65,2~016 airfoil,
Substitution of the calculations for the 0012 section in computling
values for the 65,2-016 section appears to be a good approximation,
since the contour of the 65,2-016 section in the leading-edge region
1s very nearly the same as that of the Joukowskl airfoll used In the
0012 trajectory calculations. Figure 19 compares the contours of

the three sectlons.

The velues of Mg were plotted against the measured areas of
surface wetted, obtalned from the strips of dlueprint paper.
Figure 21 shows the relatlonship, thus obtained, between the rate of
flow of water from the impingement region and the fraction of suwrface
area wetted. For the data shown in figure 21, velues of the rate of
water flow over the surface aft of impingement My were assumed
to be equal to the rate of water impingement Mg. The scatter of data
points in the figwre is believed to be caused by errors in measure—
ment of the liguid-water concentration occwurring at the time the
rivulet petterns were obtained. Table II shows that the free-elr
temperature was high during icing conditioms 11 through 15, when the
blueprint records were tazken. The kinetle temperature was close to
freezing, and it was observed that the water strliking the rotating
cylinders, used in the measurement of water concentration, was
running back, and possibly off, the cylinders, Thus, the liquid—
water concentrations measuwred may have been lower than the actusl
concentrations present. The two date points corresponding to a
welght rate of wabter flow of 0.57 pounds per hour per foot of span
(fige 21) represent the rivulet data procured at the lowest free—
air temperature of these tests (lcing condition 14, table II), These
are probably the most reliable data, since the rotating cylinders
were subject to smeller losses of water. Therefore, the curve shown
in figure 21 was welghted toward these points. The ultimate extent
of this curve in the direction of pesrcent of surface wetted is not
definitely known. There is evidence, however, indicating that the
degree of surface wetnsss aft of the erees of lmpingement reaches a
maximum which is not exceeded, regardless of the rate at which water
1s intercepted. It was found that & relationshlp exlsts between the
rate of flow of weter in the region aft of impingement and the
surface—temperature rise above free—elr temperature, and that the
temperature rise decreases to a limit as the rate of flow of water
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increeses. Figure 22 shows the relationship between the rate at -
vwhich water flows back over the heated surface of the 65,2-016 air—

foll test section and the aversge increese in temperature above

free—alir temperature of the surface from 10 to 25 percent chord. The

values of the rate of water flow were obtained by subtracting from

the calculated rates of water impingement for one side of the airfoil

the computed rates of evaporation from the region of impingement.,

Figure 22 I1llustrates thet as the rate of water flowing over the

surface increases, the temperature of the surface decreases, but that

a limit to the decrease in temperature apparently is reached, This

indicates that the rete of evaporation reaches a maximm as the

limiting surface temperature is approeched, since evaporation is

the only variable in the heat~transfer process in the area of surface

under conslderatlon. Therefore, if the rate of evaporation attains

a maximm, the degree of surface wetness must also approech a limit, .
It can be demonstrated, using equation (25) and the values presented

in figures 21 and 22, that the maximum fraction of swrfeace area

wetted is about 50 percent. .

Although the data from which the curve of figure 21 was computed
were obtained with blueprint paper strips wrapped around the leading
edge of the 65,2-016 airfoil, the values given in this figure ave
believed to be sufficiently indicative of the conditions of wettability
existing on all clean wing surfaces not specially treated to be appli-
cable for general airfoll thermal design. For purposes of design,
it 1s suggested that the 1imit of surface wetness for surfaces not
specielly treated be taken as 40 percent. It 1s of importance to
note that in using the curve of surface wetness shown in figure 21,
for a heated wing, the total rate of evaporation of water Wg in
the region of weater—drop impingement must be subtracted from the
total rate of water impingement Mg in order to obtain the rate of
flow of waber reaxrward from the area of impingement. The values '
glven in figure 21 for degree of surface wetness are believed to be
accurate only to the nesrest 10 percent.

With the information gained so far, it should be possible to
analyze the data obtalned with the two electrically heated airfoil
models and establish the validity of equations (2k) and (25) for
calculating heat flow. The curves of measured heat-flow distribution
shown in figures 8(a) to 8(g) and figures 12(a) to 12(j) were faired
to produce a form more sultable for comparison with heat—flow curves
calculated using equations (2%) and (25). Comparisons of the
measured heat flow and the heat flow calculated to produce the
meapured surface temperatures, assuming the entire surface to be
completely wetted, for the two airfoll sections for typical cases are
shown in figures 23 and 24. These curves are also compared to the
calculsted heat loss due to convection only, that 1s, assuming the .
surface to be completely dry (equation (12)5. In the previously
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mentioned calculations, measured velues of convective heat-—transfer
coefficlent, obtained during flight in clear air, were used. In
order to calculate the amount of heet dissipeted in warming the
impinging water (equation (4)) for the calculation of heat flow for
the completely wetled case, velues of M, were computed from equa~—
tion (8) using the measured values of liquid-water comcentration,
drop size, and drop-size distribution (tebles I and II). As was
done previously in the analysis of the blueprint—paper rivulet
patterns, values of Mg were computed for both airfoil ssctiomns
using the curves presented for the 0012 airfoil.

A study of the measured and calculated heat—flow curves in
figures 23 and 2k shows -that in the ares of water—drop impingement
good agreement is obtained betwben measured values and the wvalues
calculated for a completely wetted surface, indicating that in the
reglon where it 1s reasonable to gssume a fully wetted surface the
equations for celculating heat flow are valid., Aft of the area of
impingement, in the region of low heat flow, where it has been shown
that the surface is only partially wetted, the values calculated for
a completely wetted surface are lower than the measured values., Since
the surface is only partially wetted, it would be expected that the
celculated curve, which represents the values of heat flow required
%o produce the measured surface temperatures if the swrface were
campletely wetted, would be considerably higher then the measured
curve. There appear to be only two possible explanations for this
discrepancy: (1§ equation (25) gives erronecus valuss and cannot be
relied upon for calculation, and (2) the values of convective heat—
transfer coefficient used in equation (25) for calculating the heat-
flow velues are in error. The first explsnation does not appear to
be likely in view of the fact that the equation was derived on &
sound Besis. Also, there is no obvious reason why the equatiom
should hold in the leading-edge region and fail to hold in the area
aft of the leading edge. The second explanation, that erronecus
values of convective heat—transfer coefficient were used in the cal—
culations, seems entirely possible. Since the values of convective
heat—transfer coefficient used in egquation (25) are those measursd
dwring flight in clear air, it seems reascnable to assume that tran—
sition from laminar to turbulent flow moved forward during flight in
icing conditions from the position masintained in clear zir. Movement
of transition to & point near the lsading edge would cause the convec—
tive heat—transfer coefficients in the region under consideration to
be Increased several times above the values existing in clear air,
since the convective coefficients in turbulent flow gensrally are
considerably greater than those in laminar flow, Such an increase
in the convective coefficlents would raise the curves calculated for
a completely wetted surface (figs« 23 and 24) to a position above the
measured.curves. - -
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It 1s very likely that disturbance of the boundary layer, caused
by water drops striking the airfoil swrface and roughening the surface
as they coalesce and flow art, would effect a forweid movement of
transition. There is further evidence to support the assumption that
the water-roughensd surfacé caiseéed movement of transition forward.
Obgervations of the 65;2-01l6 airfoil during a flight in clear air
with the test section heated indicated that transition had shifted
forward by a considerable amount. This was noted by a lowering of
the surface temperatures in the region aft of the leading edge. The
heat distribution had been set previously to produce a cénstant
surface temperaturé in clear air, aiid only & change in the boundary—
layer chéaracteristics could cause the evident change in heat—transfer
coefficient, Af‘ter the flight, a close examination of the leading-
edge region of the airfoil revealed small insects stuck to the
surface where they had hit durisig the flight. The swrface was wiped
clean and during e subsequent flight in cledar air it was noted that
transition had moved back again, as evidenced by the restoration of
the surface temperatures to normel. Thus, it appears that very smell
irregultrities in the swrface, such as are present on the surface of
an airfoll in icing conditions, are sufficient to cause transition to
occur premAturely. Tests in wind turinels also have shown that small
protuberances in the leading-edge region 6f an dirfoil will cause
the movement of transition forwerd. (See reference 2k.})

Most of the ocurves of heat—transfer coefficient mpasured during
flight in lcing conditions, shown in figures 8(a) to 8(f) and 12(a)
to 12(g), display a definite increase in the aft region of high heat
intensity, suggssting that transition is located at this point. It
should be noted that the increase in heat—transfer coefficilent
indicated by these cwrves is believed to be only an apparent increease,
cauged by the rapid changs in heating intensity in this region. It
the coeffloient is relatively constant throughout this area, as it is
believed to be, & sudden increasé in heating intensity will not be
accompanied by en equally repid change in the thermal boundery layer,
and for a short distance aft the indicated values of heat—trensfer
coefficient will be erroneously high.

The exact valuss of the convective heat—transfer coefficient in
the reglon aft of the area of impingement in icing conditions are
.unknown, but it is believed the valiies flustuate due to changes in
the locatién of transition during flight. Very probably, the
disturbanee to the bounlary layet caiided by water on the airfoil
surface is of such a character as to create instebility in the
boundary layer, ahd cause the location of transition to fluctuate.

In the aft region of high heat flow (figs. 23 and 24), the
values 6f ¢onvéctive heat—transfer coefficient are known, since
turbulent flow existed in this region in clear air, when the values
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were measured, as well as in lcing conditions. In this region, the
measured heat—flow curve and the calculated curve of convective heat
transfer come together, indicating that at the point where the curves .
coinclde all the water on the surface has been evaporated.

Since the equatioms for calculating heat fiow have been shown to
be valid in the area where the surface 1s completely wetted, 1t is
reasonable to assumes that the equations hold in regions where the
surface 1s only partly wetted, provided the correct modifications are
made to the evaporative factor X. Falrly accurate modifications to
the factor X are believed to be vossible by using the curve of
surface wetness shown in figure 21, By the use of this curve 1t
should be possible to calculate the rate of eveporation of water from
the surface aft of the region of water impingement. In the region of
impingement the calculation of rate of evaporation is straightforward,
since full evaporation occurs. If the rates of evaporation from the
two test airfoils cen be demonstrated to be equal to the rates of
water impingement for the test conditlions, the method for calcula—
ting rate of evaporation will be substantiated.

Accordingly, calculations of the rates of evaporation from the
surfaces of the two test airfoils were made for all the conditions
of tebles I and II for which thermal date were obtained. The rates
of eveporation were determinsd graphically, using the curves of
measured heat flow and calculated convective heat loss similar to
those shown in figures 23 and 2k, Aft of the area of impingement,
the position of the convective curve was established by dividing the
measured values of heat flow by the modified values of X (equa—
tion (25)). Values of the degree of surface wetness used in modify—
ing X were determined from figure 21, using computed rates of
water impingement and evaporation from the area of lmpingement. The
position of the re—calculated curves of convective heat loss are
shown typically in figures 23 and 24, The total rate of evaporation,
. then, was determined by measuring the area between the measured and
re—calculated convective hesat—flow curves, Thls gave the total
amount of heat dissipated by evaporation of the water in Btu per
hour per foot of span, Dividing this value by Lg the latent heat
of veporization, the total rate of eveporation Wg in pounds per
hour per foot of span was obtalned. )

The rates of evaporation, obtained in the previously mentioned
manner, are compared with the rates of water lmplngement, calculated
by the method previously presented, for the 0012 and 65,2-016 air—
foil models, for the left side only, in tables III and IV. An
average agreement of 13 percent for all the conditions analyzed
where no runback formed was obtained, indicating the degree of
reliability of the method for calculating the rate of evaporation
of water from a heated wing.
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In order to demonstrate further the dependebllity of the method
for celculating rete of evaporation from a heated wing, the photograph
of runback on the 65,2-016 airfoil (fig. 13) was analyzed. If it
can be shown that the actual rate of formation of runback compares
clogely to the rate at which runback is calculated to form under the
particular icling conditions, the method for calculating rate of evap-
oration will be further subsitantiated.

The runback shown in figure 13 had started forming 10 minutes
earlier, At the tims of the photograph the formation was eatimated,
by observation during flight, to be approximately 3/16 inch thick,
The area of the formation extended about 2-1/2 inches chordwise and
12 inches spanwise, making a weight of ice of 0.2 pound. This
constitutes an actusl rate of formation of runback of 1.2 pounds per

- hour per foot span. During this lO-minute period, two smets of
rotating—cylinder and alrfoil heat—transfer data were taken. These
carespond to icing conditions 9 and 10, table II. Results of calcu—
latlons of the retes of impingement and eveporation based on these
data are gliven in teble IV. For lcing condition 9 the raete of water
impingement waes 1.60 pounds per hour per foot span. The rate of
evaporation from the heated ares was O.44 pound per hour per foot
span, leaving a calculated rate of formation of runback of 1l.1l6 pounds
per hour per foot of span. During icing condition 10 the calculated
rate of impingement was l.T79 pounds per hour per foot and the rate of
evaporation was 0,51 pound per howr per foot, resulting in a rate of
formation of runback of 1.28 pounds per hour per foot of span. The
calculated rates of formation of runback (1.16 end 1.28 1b per hr, f£t)
agree remerkably well with the actual rate of formation (1.2 1b per
hr, £t), illustrating the reliability of the procedure for calcu—
lating rate of evaporation.

A short time prior to this test, the airfoil was subJjected to
a much less severe icing condition (condition 8, table II), during
which all of the weter intercepted was calculated to have been
eveporated (icing condition 8, teble IV). Photographs of the test
gection verified the fact that no runback had formed.

The foregoing snalyses were based on the assumption that removal
of the water striking the airfoll surface is effected by evaporation
only, and that none of the water ls dispersed by mechanical means.
This is consistent with the resulis reported in reference 10 and
25, It is believed that "blow—off" of water, as suggested in
references 5 and 6, does not occur. Also, it is believed there was
no "bounce~off" of the water drops striking the airfoil surfaces, as
proposed in reference ll., At speeds higher than those encompassed
by the scope of thie investigation, it is conceivable that mechenical
removal of the water by bounce—off could occur. However, in view of
the lack of information on this phenomenon, end since neglecting the



NACA TN No. 1u72 33

possibility that water may be removed by mechanical means tends to be
more conservetive in the thermal design, it is suggested that bounce—
off be neglected in the design of wing thexmal ice—prevention equip—
ment.

Calculation of Heat Requirements for
an NACA 0012 Airfoil

Since 1t has been demonstrated that the rate of evaporation of
water from o heated wing can be calculated with reasonable certainty,
the rate of heat flow required to produce a particular rate of evapora—
tion can te determinsd with equal dependability, provided the coeffi-
clents of convective heat transfer are known. Usling the equations
and method presented for celculating the rate of evaporation of water
from a heated alrfoil surface, a calculation was made to establish
the extent of heated area required for ice prevention in specified
conditions of icing for the NACA 0012 airfoll, assuming a particular
heat—flow distribution. The conditions of calculation are as follows:

Chord 1ength « o o o« o o o s o ¢ ¢ o ¢ ¢ s ¢« ¢ e s s a s o ¢« 8%
Prossure altitude « « o o o o o o s o s o o o s o o o« o 12,000 £t
True 2lrepeed o o ¢ ¢ ¢ o« ¢ ¢ o 6 ¢ o o s« s o« o 8 ¢ s o o o 170 mph
Free—elr temporatur'® o « o o o o o s ¢ o s s o o 0 s s o o o 20°F
Liquid—water concentration o« ¢ o o « o e o » s o « o« o 0d5 gn/m3
Moan—effective drop Glametor o+ ¢ ¢ o o o ¢ ¢ ¢ ¢ o o ¢« 25 microns
Drop—size Aistribubtlion o« « o« s« ¢ « ¢« o ¢ 2 ¢ 2 ¢ s ¢ o ¢ s s o o B

The procedure employed was to assume a reasonable intensity and dis—
tribution of total heat flow and then calculate the extent of heated
area required to evaporate all of the intercepted water. The mothod
of solution will be outlined briefly in the following paragraph. A
detailed step—by—step consideration of the problem showing all compu—
tations is given in the appendix,

First, the area, rate, and distribution of water impingement on
the airfoil were calculated for the assumed conditions, Using the
assumed distribution of total heat flow, the heat loss due to convec—
tion for the particuler conditions was then calculated. Since 1n an
icing cloud the presence of water on an airfoll surface causes pre—
mature transition, for these calculations, transition was assumed to
start et 5 percent s/c, and the estimated form of turbulent heat—
transfer coefficient shown in figure 25 was used. Calculatidns were
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made for a nmmber of chordwise stations, and the results are given
in Pigure 26, which shows the assumed heat—flow distribution and the
calculated convective heat loss for one side of the airfoil., The
rate of evaporation 1s represented by the area between the curves of
convective heat loss and total heat flow, except in the region of )
water Impingement, where the rate of evaporation is denoted by the
area between the curve of heat loss due to warming the intercepted
wvater and the curve of heat loss due to convection. These areas
actually give the rate of heat loss due to evaporation; however, by
dividing the area velue by Lg, the latent heat of vaporization, the
rate of evaporation ls obtained. The procedure, then, wasg to extend
the total and convective curves until the total rate of evaporation
equaled the rate of water impingement. Extension of the heated area
to 18 percent s/c was found to be adeguate to ensure evaporation of
ell of the water intercepted. .

Several other calculations were made for thes 0012 airfoil to
determine the effects of altitude, air temperature, and location of -
transition on the requirements of heat flow and extent of heated
area necessary to evaporate all the intercepted water. 'The results
of each of these calculations were compared with the results of the
calculations for the conditions previously specified. For each of
the calculations, the seame total heat—flow distribution was assumed
and the extent of heated area required to evaporate all the inter—
cepted water was calculated for each condition.

To determine the effect of altitude on the heat requirement, a
comparative calculation was made for sea—level conditions with all
other flight conditions as previously specified and with the area
and rate of water impingement the same as at the 12,000-foot condi-
tion. The results of this calculetion are shown in figure 27, which
compares the relative convective heat losses at sea level and 12,000 .
feet. For the conditions at 12,000 feet extension of the heated
area to 18 percent s/c was shown previously to be adequate to
ensure evepcration of all of the water intercepted. At sea level it .
would be mecessary to extend the heated ares to 26 percent s/c for
evaporation of all the water intercepted. The curves of figure 27
can also be used to determine the amount of increase necessary in the
total heat flow if all the water is to be eveporated in an area
forward of a specified chord point. For example, assume that the
extent of heated region for the curves of figure 27 is limited to
18 percent s/c. At 12,000 feet all of the water would be evapo-
rated, as has been previously mentioned. At sea level, however,
same of the water would not have been evaporated. By measurement of
the areas of filgure 27 it can be shown that the total heat flow
required to evaporate all the water within the area from O to 18
percent s/c at sea level is spproximately 10 percent greater than -
the amount required at 12,000 feet. The increase in heat requirement
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with decrease in altitude is due to the fact that the rate of evapo-
ration of water decreases as altitude is decreased, because of the
decrease in the evaporative factor X (equation (23)). Since the
convective heat—transfer coefficlent increases with decrease in alti-
tude, due to the Increase in air density, it might be expected that
the rate of evaporation would be increased with decrsase In altitude,
because the rate of evaporation is directly proportiocnal to the con—
vective coefficient (equation (21)). However, the increase in the
rate of evaporation ls more than compensated by the increase in con—
vective heat loss, and the rate of evaporation, for a fixed total
heat flow, actually becomss less with decrease In altitude. Appar—
ently, then, airfoll thermal lce-prevention equipment in which the
heat flow is fixed, such as electrical systems, should be désigned
for the minimum altitude at which the airplane is expected to
encounter icing. However, 1f the alrplane 1s designed to utilize
some form of alr-heated system, the performance of which probably
wlll decrease with increase in gltitude, the maximum altitude at
which 1cing is expected to be encountered should also be investi-
gated.

To determine the effect of alr temperature on the heat require—
ment, a calculation was made of the convective heat loss at o°F
free—air temperature and ie compared in figure 27 with the convectlve
heat loss at 20° F., In the calculation with the free-sir temperature
at 0° F, it was determined that the surface temperature dropped to
freezing at 2k percent s/c Tbefore all the water on the surface was
evaporated., However, the total heat flow required to evaporate all
the water within the area fram O to 18 percent & /e with the air
temperature at 0° F is gpproximately only 15 percent greater than the
amount required at 20° F. Although this is an appreclable increase
in the heat requirement, it is considerably less than that necessary
for a similar change in conditions for ice—prevention equipment
desligned on the basis of maintaining the surface temperature Just
above freezing, such as for the case of windshields. (See refer—
ence 21.) It appears, then, that a wing thermsl system which has
been designed for a relatively high alr temperature wlll be capable
of ilce prevention at low eir temperatures in icing conditions nsarly
as severe as those upon which the design was based. Of course, the
systen is more subJect to fallure through the posslibility of the
surface temperature felling below freezing in the low alr—temperature
conditions, but in general, the surface tsmperatures required for
evaporation of &ll lmpinging water in the relatlvely small heated

area of the leading edge will be sufficlently high to obviate this
possibility.

To establish the efféct of the location of transition on the heat
requirement, a calculatlion was made of the convective heat loss,
assuming leminar flow exlists throughout the hested area, For this
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calculetion, the measured values of convective heat—transfer coeffi-
clent shown in figure 25 were used. The convective heat loss for
laminay flow is compared in figure 27 with the convective heat loss,
assuming transition started at 5 percent s/c. In the case of complete
laminar flow, it would be necessary to heat only to 14 percent s/c

to obtain eveporation of all the water. The total heat flow required
to evaporate all the water within the area from O to 14 percent s/c
with transition at 5 percent s/c 1s approximately 10 percent greater
than the amount of heet required if laminer flow preveils., Apparently,
the location of transition moves forward in conditions of icing, even
in the presence of a favorable pressure gradient, to a point where a
strong favorable pressure gradient is encountered (figs. 1l end 16).

~ As was stated previously, the location of transition 1s believed to
fluctuate, probably over a considerable distance. It is suggested
that forwerd movement of transition to a point close to the leading
oedge of the wing be assumed in the design of thermel ice—prevention
oquipmont, especially In view of the fact that a greater amount of
heat is required for the turbulent-flow condition.

From a comprehensive study of the results shown in figure 27,
some general conclusions can be reached, It 1is apparent that eft of
the area of droplet impingement, the efficiency of removel of water
by evaporation decreases rapidly. The reeson for the decrease in
efficiency is that only partial weltness prevells eft of the ares of
impingement, while the area of impingement 1s entirely wet. This
indicates that the larger the portion of the total amount of water
intercepted that is evaporated in the area of interception, the
greater the efficiency of the thermel system becomes. The rste of
evaporation of water ls the determining factor in the efficiency of
a wing thermal lce—prevention system. Only the heat that is dissi-
peted in evaporation 1s used to advantage., The heat lost by conveo—
tion only warms the alr., Thus, the conclusion 1s drawn that the
heating should be concentrated as much as possible in the leading
edge of & wing, in the area of drop Impingement, if an efficlent
thermal system 1s to be obtained.

Calculations for the C—46 Wing Thermal System
in Maximm Continuous Icing Conditions

An enalysis of the C—-46 airplane wing thermal ilece-prevention
system for the upper surface at wing station 157 was made in an
effort to determine whether the thermal system could cope with the
maximm continuous icing conditlions given previously at the begimnning
of this discussion. The assumed icing and flight conditions for the
calculations are as follows:
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Condition A} Condltion B

Altitude (£t) 6000 6000
True airspeed (mph) 180 180

Ligquid water

content (gm/m®) 0.8 0.5
Mean~offective
drop size (microms) 15 25

Free—air

temperature (°F) 20 20

The heat—flow distribution at station 157 wes estimated, based on
data presented in references U and 26, end is shown in figure 28.

The rates of water impingement for the two icing conditions assuming
a "C" type drop-size distribution were calculated for the leading-—
edge cylinder of the airfoll section using the data presented in
reference 1T7. Curves of distribution of water impingement, for the
upper surface, for the two cases are glven in figure 29. These were
constructed using the data from reference 17 for each drop size in
the distributions. The value of Mg, obtalned from equation (9),
for Condition A 1s 0,65 pound per hour per foot span, while the value
of Mg for Condition B is l.39 pounds per hour per foot span. As in
the calculations presented previously, the rate of evaporation of
water from the swrface was determined by calculating the heat loss
due to convection for the two conditions. Values of convectlve heat-—
transfer coefficlent were tesken from figure 30, which shows the values
measured during flight in clear alr using an electrically heated glove
and the estimated convective coefficlents for leing conditions, when
traneition moves forward. The estimated values were used in the cal-
culations, The compubed curve of convective heat loss for Condition
A is shown in Pigure 28, Results of the calculations of rate of
eveporation for the two conditions indicated that sufficlent hesat

was supplied to the upper wing surface to evaporate all of the water
intercepted. For Condition A the wing was shown to be capable of
eveporating 0.90 pound per hour per foot span, indicating that the
liquid—water concentration could ettaln a value of at least l.1 grams
per cublc meter at a mean—effective drop size of 15 microns before
runback would form. The rate of evaporation for Condition B was
calculated to be l.35 pounds per hour per foot span, suggesting that
the liquid-water concentration of 0.5 gram per cubic meter is the
limiting condition &t 25 microns.
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A further analysis was mede of the upper wing surface at station
157 using the values of Condition A, excepting that a free—air tempera—
ture of 0° F was esssumed. The curve of convective heat logs Por this

condition is shown in figure 28. Under this condition calculations
revealed the wing would be able to evaporate 0,70 pound per howr per
foot gpan. The rate of impingement, as before, was 0.65 pound per
hour per foot span.

These calculations substantiate the general observations of the
successful operation of the C~46 wing thermal ilce—prevention systen.,
The absence of runback on the wing upper surfaces during a great many
of the lcing flights indicates the adequacy of the thermal design.

Selection of Conditions for Design .

In selecting values of drop size, liquid-water concentration,
air temperature, and altitude for the design of thermal ice—prevention -
equipment, a combination of these variables normally occurring in
nature should be chosen such as to require the highest rate of heating.
As stated previcusly, conditions of maximum continuocus icing are
believed to form a good basis for design. It 1s of interest to inves-—
tigate the effect of different posasible combinations of the variables
of drop size, liquid—water content, air temperature, and altitude on
the heat requirement for ice prevention for the maximum continuous
conditions -‘given in the table in the first part of this discussion.

The effect of an Increese in the size of drops in an icing condi-—
tion 1s to increase the collectlon efficlency of the airfoil, thereby
increasing both the rate &t which water is intercepted and the area
of impingement. An increase in the liquid—water concentration of _
the air causes a proportional increase in the amount of water inter— . .
cepted, for a given drop size. Since 211 of the water striking the
wing must be evaporated to avold the formation of ice, an increase
in the rate of water interception will cause an increase in the heat .
requirement. Fortunately, & relation bstwsen water concentration
and drop size appears to exist in lecing clouds, and the existence of
very large drops generally l1s accompanied by a small concentration
of liguid water (reference 13)., The selection of & combination of
drop size and water concentration should be such as to produce the
highest rate of impingement. It was shown previously that an increase
in the drop size produces a greater increase in the rate of water
interception than & proportional increase in the weter concentration.

For this reason, the meximm continuous lcing condition of 25 microns,
mean—effective drop size, and 0.5 gram per cublic meter, liquid-water
concentration, genesrally will result in a more rapid rate of water

impingement than the condition of 15 microns and 0.8 gram per cubic -
meter,
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A decreese in free-alir temperature, while increasing the heat
requirement for thermsl ice prevention, ls accompanied by a decrease
in the ligquid—water concentration (reference 14), which causes &
proportional decrease In the rate of water impingemsnt, for the same
drop size. The sizes of drops existing at low air temperatures (0° F)
in lcing conditlons tend to be only slightly smaller than those at
higher air temperatures (reference 13); therefore, a selection of
air temperature for design will be determined by the combination of
air temperature and water concentration (and corresponding drop size)
to produce the highest heat requirement. It will be found, generally,
that the rate of heating required to evaporate the larger quantities
of water at the higher eir temperatures is greater than the hest
needed for lce prevention at the lower temperatures. However, low
air-temperature condltions should be investigated to ascertain that
the temperature of the heated swurface will not fall below freezing.

There appears to be no relation between altitude and the drop
size or liquid-smter concentration of icing conditions. (See refer—
ence 13,) Therefore, the altitude at which the heat requfrement is
groatest should be chosen. The minimm altitude of operation was
shown previously to produce the highest heat requirement for wing
thermal ice prevention. However, as was formerly suggested, 1f the
airplane is designed to utlilize some form of air-heated system, the
meximm altitude at which icling 1s expected to be encountered should
also be investigated.

CONCLUSIONS

From the foregoing discussion, 1t is concluded that the extent
of knowledge on the metecrology of icing, the impingement of water
drops on alrfoll surfaces, and the processes of heat transfer and
evaporation from a wetted airfoil surface has been increased to &
point where the design of heated wings on a fundamental, wet-air
basis now can be underteken with reasonable certalinty. In addition
to this general conclusion, the following conclusions are drawm,
based on test deta and analytical studies of the processes of heat
transfer and evaporation from a heated wing:

l. The heat should be concentrated as much as posslible in the
leading-edge region of the wing in the ares of water—drop impinge—
ment, if an efficlent thermal system is to be obtained.

2. An increasse in altitude, for the same rate and area of water
impingement on a wing and for the same conditions of true alrspeed
and free—alr temperature, decreases the heat requirement for thermal
ice prevention.
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3. A wing thermal ice—prevention system which has been designed v
to evaporate 2ll impinging water in the leading-edge reglon for a
relatively high free-air temperature (20° F) will be capable of ice
prevention at low air temperatures (0° F) in icing conditions nearly
&8 severe as those upon which the design was based.

Anes Aeronautical Iaboratory,
Natlonal Advisory Committee for Aeronautics,
Moffett Field, Celif.

APPENDIX

Calculation of Extent of Heated Area Required .
Por NACA 0012 Airfoil

The detalled, step—by-step calculastions for establishing the "
extent of heated area required for ice prevention on an NACA 0012
alrfoll in specified conditions of icing are presented in this appen—
dix. It is believed that the general procedure outlined herein will
be appliceble for the design of most wing thermal ica-prevention
equipment,

The calculations were made for one side only of the airfoil,

The assumed flight and meteorological conditions used in the calcu—
lations are as follows:

Pregssure altitude « « o« ¢« o ¢ ¢ ¢ ¢« ¢ 06 ¢ ¢ o ¢ 0o ¢ ¢ & & 12,000 £t
Trueairspeed............;.......... 170 mph
Free—elr tomperatulOs o « « o o o o ¢ o ¢ o o ¢ « o s o o o o 20°F
Liquid~water concentration. « « « o o« o ¢ o ¢ o o o s « &« 0.5 gn/m®
Mean-effective drop dlamoters ¢« o o ¢« ¢ ¢« ¢ o o ¢« o o ¢ « 25 microns
Drop—size distributions « o« ¢ ¢ ¢ o ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ 0 ¢ ¢ ¢ 0o 00 E
The chord length of the airfoil was taken as 8 feet.

Step l.— Calculate area, rate, and distribution of water inter—

ception. The area of interception is determined by the largest
droplets present in the cloud. For the case of an "E" type drop—
size distribution (reference 17), the largest drops will be 2.7L

times larger than the mean-effective size, or
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Meximum drop dismeter = 2.71 X 25 = 68 microns

The K—value corresponding to a drop diameter of 68 microns for the
assumed flight conditions was calculated using equation (5). Thus,

k=2 62,5) (3&5,2&&0’6)2 <2§0x8x0.0§3> - 0.465
9 \0.053 8 1.16x10°°

From figure 3, the efficiency of impingement E for this K~value is
54 percent. Using equation (10), the starting ordinate of the 68—
micron~diameter drop which Just hits the surface is

yolimit = E.Yma.x

or

Jolimit _ o Jmax
c C

Since the airfoil is 12 percent thick,

ymax = 0.06
[¢]

and

ﬂci:-_m_ﬁ. = 0.54 x 0.06 = 0.032

Using the broken curve in figure 1, the area of impingement was found
to be 10.8 percent s/c.

The distribution of water—impingement rate over the airfoil
surface was calculated using equation (8). The individual rates of
impingement for each of the drop sizes in thse assumed dlstribution
were celculated for verious points along the surface. This was
accomplished by computing the value of X for each of the drop sizes
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in the distribution using equation (5), determining the values of C,
for the corresponding K-valus, at various points along the swrface,
then evaluvating the expression VnC, By adding these individual
Impingement retes for each point on the swrface, the resulting dis—
tribution of water—impingement rate over the surface was obtelned.
The above calculations were made using a tabuler form of computation,
as 1llustrated in table V. Figure 17 shows the resulting distribu—
tion of impingement. The total rate of water impingement Mg was
caloulated, using equation (9), by meesuring the area under the curve
ghown 1n figure 17. The value of Mg was calculated to be 2.1
pounds per hour per foot span.

Step 2.~ Establish the distribution of heat flow from the
surface. The distribution of heat flow will depend on the type of
lce—prevention system to be used. If an electriceal system is
plammed, the distribution and intensity, once set, will remain
unchanged regardless of varistions in flight and meteorologlcal
conditions., On the other hand, if the system is to be deasigned to
utilize heated air or some other fluld, the distribution of heat flow
from the surface will depend upon the characteristics of the internal
flow of the fluid as well as the conditions affecting the external
heat transfer. If such a system is to be used, calculstion of the
heat—flow distribution will be rather complex, and 1t is believed
that aspuming a distribution will provide a good basls for starting
the calculations for design.

The heat-flow distribution and intenslty used in these calcu-
lations was estimated, based on deta presented in references L4 and
26, to be the heat-flow distribution and intensity of the thermsl
ice—prevention system for the wing of the C-46 airplane (refer—
ence 20) at the 8-foot chord station. This distribution, vwhich is
believed to be representative of & probable thermal system, ls shown
in figure 26,

Step 3.~ Determine the values of convective heat—transfer

coofficient. The values of measured convective heat—trasnsfer coeffi-—
cient with the estimated form of the turbulent coefflicients shown in
figure 25 were used.

Step 4.— ' Calculate values of surface temperature in the area of

weter impingement, using equation (24), such that the vaelues of ¢q at
any point are equel to the assumed heat flow., (See fig. 26,)

Step 5.~ From the values of surface temperature calculated in
step T, compute the convective heat loss using equation (12). The
curve of convective heat loss is plotted in figure 26,
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Step 6.—~ Calculate the rate of flow of water aft of the region
of water interception. This was done by measuring the area in the
reglion of water lmpingement between the convective heat—flow curve and
the curve denoting heat flow to impinging water (fig. 26) to obtain
the rate of heat dissipation due to eveporation., The rate of evapora—
tion was computed from equation (20), and was subtracted from the rate
of impingement to give the rate of water flow aft of the region of water
Interception. The rate of evaporation was calculated to be 1.6 pounds
per hour per foot span. Subtracting this value from the rate of water
striking the surface, 2.1 pounds per hour, foot, the rate of flow of
water aft, then, is 0.5 pound per hour per foot span.

Step 7.~ Determine the weiness fraction and make the proper
modification to the eveporative factor. Using the curve shown in
Tigure 21, the wetness fraction for a water flow rate of 0.5 pound
per hour, foot is 30 percent. It is suggested that the values of
degree of wetness glven in figure 21 be used only to the nearest
10 percent, since more precise usage is considered to be unwarranted.

The evaporative factor X was then modified by the 30-percent
wetness fraction, so that equation (23) becomes

e
X =1+ 1.12 ( s'e°£> PsL
Tatoy / Pi

For these calculations, the valve of P; was tsken as the free—streanm
sbatic pressure, so that

e
X =1+ 1.77 <—s;e$>

Step 8.~ Calculate values of surface temperature aft of the area
of water impingement using equation (25) and the revised value of X
such that the values of q at any point are equal to the assumed heat
flow. (See fig. 26.)

Step Q.— From the values of surface temperature calculated in
step 8, compute the convective heat loss, using equation (12). The
curve of convective heat loss is shown in figure 26.

Step 10.~ Extend the calculation of convective heat loss until
the total rate of evaporation, denoted by the area between the curves
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of convection and total heat flow (except in the region of impingement),
equals the total rate of water impingement. The rate of evaporation
was computed from the area between the two curves using equation (20).
For the case of the 0012 alrfoll, the extent of heated reglon required
for evaporation of 2.1 pounds per hour, foot span was calculated to be
to 18 percent s/c, which is equivalent to 16.5 percent chord.

It should be noted that the extent of the heated reglon can be
decreased by increasing the intensity of the total heat—flow distri-
bution and re—calculating the required extent of heated area.
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TABIE I.— METEQROLOGICAL AND FLIGHT CONDITIONS FOR WHICH CORRESPOMDING DATA
WERE (BTAINED FCR THE NACA 0012 ELECTRICALLY HEATED ATRFOIL. MOTEL .
DURTIKG FLIGHT IN NATURAI~ICING CCNDITIONS.

Freo—

Mean— Prog-
o178 | Fi1gnt | Pactric Standara Cater Prlaouiwe oo | tem- i are | oo
tion mmber time content |ai meter | d18tri—| pera— tude | SpPeed| type
' (/%) | (microns)| Dution® 1(131';; (pt) | (mob)
39 2:03 to 2:05 0.38 10 c 2h 91001 167 | Stratus
2 39 2:13 to 2:16 Ja 10 c ok 89801 162 | Stratus
3 39 | eagtoze | .38 9 c | 25 | 9020| 160 |Stratus
h 39 2:23 to 2:26 .07 5 c 24 89501 160 | Stratus
5 39 2:28 to 2:31 .32 9 c 24 9010} 157 | Stratus
6 h3 12:27 to 12:29 .58 11 C 25 |106501 169 | Stratus
7 ho 1:25 o 1:26 1.00 16 D 11 8500 ] 148 | Cummius
* NATIONAL ADVISORY

Drop-size distributions defined in reference 17.

COMMITTEE FOR AERONAUTICS.
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TABLE IT.- METEQROLOGICAL AND ¥LIGHT CONDITIORS F(R WHICH CCORRESPONDING DATA

WERE OBTATNED F(R 'THE NACA 65,2-016 ELECIRICALLY HEATED AIRFOTL MODEL
DURING FLIGHT TN NATURAL~ICING CONDITIORS

Moan— Froe— Pres—
ong | mignt | Pacitic Standara Mter e ool el alti ate | Clout type
tion number time content | 34pmeter | distri-—|pore— tude | EPeed
(em/n°) | (micwons) | Pution* ?g;;’ (¢t) | (mph)
1 100 3:15 to 3:19 0.26 13 D 19 | 10750] 167 | Stratocumilus
2 12 | 1:30 to 1:35 .3k 18 E 26 | 11300| 168 | Altostratus
3 105 | 11:00 to 11:06 R 13 B 19 51001 157 | Stratocumius
)1 105 | 11l:41 to 11:45 +60 13 A 19 5060 | 140 | Stratocumlus
5 105 2:32 to 2:36 A2 19 D 21 5000| 158 | Stratocummilus
6 105 3:07 to 3:12 34 ap C 20 5100 160 { Stratocumilus
T 105 3:18 to 3:23 .15 13 E 20 5300| 162 | Stratocumlus
8 111 | 12:32 to 12:36 .09 16 A 16 | 12450| 178 | Stratocumlus
9 111 1:08 to 1:12 .28 29 A 13 9900| 195 | Stratocurulus
10 11 1:15 to 1:19 o1 30 A 14 8900] 160 | Stratocumlus
11 116 | 11:39 to 11:Lk0 J2 17 B 25 | 11460] 185 } Altocumulus
12 116 | 11:145 to 11:46 12 16 B 26 | 11100{ 184 | Altocumulus
13 116 | 11:58 to 11:59 A1 15 B 26 | 11100] 165 | Altocumilus
1k 117 | 12:31 to 12:32 .35 13 B 2h | 11100f 180 | Altostratus
15 17 1:13 to 1:1h W17 12 B 26 | 10540 165 | Avtostratus i
\Jl

¥Drop—size dlstrlbutions defined in reference 17.

COMMITTEE FOR AERONAUTICS.
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TABIE III.— COMPARISON OF CALCULATED RATES OF WATER
IMPINGEMENT AND EVAPORATION OVER THE LEADING EDGE
OF THE RACA 0012 ELECTRICALLY HEATED ATRFOIL
MOIEL FOR ICING CONDITIONS OF TABLE I

Caloulated | Calculated
rate of rate of
I
o178 | Fl1ght | Pacific Standard i;';?nrg! e::;":r
tion | mumber time ment, Mg | tion, Wg
[1v/(hr)  |[1b/(hr)
(tt.span)] | (ft.spen)]
1 39 | 2:03 to 2:05 0.30 0.17
2 39 2:13 to 2:16 35 s
3 39 2:19 to 2:22 27 36
b 39 2:23 to 2:26 .03 <O
5 39 2:28 to 2:31 «19 19
6 k3 12:27 to 12:29 .61 .62
T ko 1:25 to 1326 1.4 2h*

*Only leading-edge region heated. Runback formed.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS.
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TABLE IV.~ COMPARISON OF CAICULATED RATES OF WATER
IMPINGEMERT AND EVAPORATION OVER THE IEADING
EDGE OF THE RACA 65,2-016 ELECTRICALLY
HEATED ATRFOIT. MCDEL FOR ICING
CONDITIONS OF TABIE II

Calculated | Calculated
Totng vatordrop | water
i e | | e | ereere
(iv/(ar) | [1b/(hr)
(£t.span)] | (ft.span)]
1 100 3:15 to 3:19 0. LT 0.46
2 102 1:30 to 1:35 o9k <96
3 105 11:01 to 131.:06 52 55
L 105 | 11:%1 o 11:45 56 Sk
5 105 2:32 to 2:36 .97 1.05
6 105 3:07 to 3:12 1.01 1.06
7 105 3:18 to 3:23 «33 «38
8 111 | 12:32 to 12:36 .18 .20
9 111 1:08 to 1:12 1.60 BT
10 111 1:15 to 1:19 1.79 51

*Only leading-edge region heated. Runback formed.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS.
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TABIE Y,~ CALCULATIONS FPOR IETERMINING DISTRIBUTION OF WATER-IMPINGEMERT
RATE OVER THY SURFACE OF AN RACA 0012 ATRFOIL

n/m. 5 10 20 30 20 10 5 —_———
(percent)
a/2ma 0.23 0.1k 0.55 1,00 1.5 2,00 2.7 -
8,
(ntorons) 2,9 545 8.1 12.5 18.1 25,0 34,0 -
K 0,003 0,012 0,027 0,063 0.133 0,253 0465 | ==~
(Pegégnt) ¢ Jmox| ¢ fwe [c |we o |wme |¢ jwe |c |we |c |we | e
0 0425 | 0435 {0435 {0.98 [0.38] 2.13 | 0,48 | 4,03 | 0.63 13.53 | 0.T3 |2.04 | 0,82 [1,13] 14.19
ol A5 1 21| o34 97 37|21 A8 |k.03 | 63 |3.53| .73 {2 80 |1.12] 14,00
o2 0 0 o31 | o871 «3T| 2407 | 4T [4.00| 463 1350 | «72 12,03 | 79 [1.11]13.58
.5 s -— - 015 01’2 032 1079 |l|'5 3.78 060 3.38 071 1099 077 1.(B 13o!l'll'
'7 Lo ) - - O 0 .28 l.5’+ oll'e 3.57 058 3‘26 069 1.93 !T:-) 1-05 11'35
l-o - — = - — e —— 01-5 QB’I‘ .38 3-19 .5"* 3.% .65 1-82 .71 .” 9.86
1.k —w| == —=] -=10 0 «30 [2.52 | N7 12,65 59 {1.65 | 6T 93] 775
2.0 - - ——— - - - 101,'" 1.18 035 1096 lohg loig 057 080 5.31"
EC!" —=}] === == =-=] =-={ =-=}0 0 2T 11.51 ch’e 1, oIl 1 3-,"'0
3.0 —=| == =-=] == ==} =~ == ==]| A5} Bh]| .33] .92| B3] 60] 2.36
4.0 —m]l == e =] =] =] == ==]0O 0 201 56| W32 5] 1.0
6.5 —=| == =] =] =] m=| == ==] ~=] ~~]0O 0 JAb | 20 .20
10.8 ——| mm] e - ==} == == == ==} ==] ==}] =<0 0 0

*Veluves of ¥ In feet per hour,

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS.
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Figure 5.~ C-46 test airplane as fiovn during the winter of 194647 ehowing the position of the
airfoll models mounted on the fuselage.
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(2) NACA 0012 section mounted on C-li6 fuselage
for the 1945-46 flight tests.

(b) NACA 65,2-016 section mounted on C—46 fuselage
for 19h6—#7 flight tests.

Figure 6.— Electrically heated airfoil models used to obtain data
in natural—icing condlitlons.
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Figure T.— Cut-eway view of the NACA 65,2-016 electrically
heated airfoil model showing construction detalls.
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Figure 9.~ Typical runback formation obtained on the NACA 0012 alirfoil
model with only leading—edge region heated.
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Figure 13.— Runback formation obtained on the electrically heated
NACA 65,2-016 airfoil model during icing conditions 9 and 10,

table II.
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Figure 15.— Typical date records showing area of drop impingement on the NACA 65,2-016 airfoil
model, and traces of water flow aft of the region of impingement.
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